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(Received for publication, April 10, 1918.) Aside from the well established action of products of adrenal secretion upon sympathetic nerve endings and their consequent effect upon striated and smooth musculature, there has been assigned to the adrenal glands a detoxifying action upon endogenous and exogenous poisons which would class them among the specific defensive mechanisms of the body. Studies of this action have been limited largely to observations and experiments to show the effects of acute and chronic intoxications upon the adrenal glands, the symptomatology of adrenal hyperplasia or degeneration, the effect of partial or complete extirpation upon the toxicity of various substances, or the neutralization of toxins by adrenal extracts in the test-tube or the living animal. The literature is confused and contradictory, and much of the evidence brought forward is speculative and indirect, due in part to the use of the death or survival of the animal as sole indicator, and the consequent introduction of many unknown factors into the experimental equation, without critical analysis of the mechanism involved.
Only a few experiments have come to light which bear directly upon a possible relation between the adrenal glands and the recognized immunity factors of the defensive mechanism, and these reported findings are almost entirely of a negative significance. Thus Josu6 and Paillard 1 found that injections of adrenalin or of adrenal extracts into rabbits had no effect on the opsonic properties of the blood. Hekt0en and Curtis ~ report that "Adrenalectomy in normal dogs, and in dogs at the height of the antibody curve after the injection of rat blood, did not cause any fall in the antibody content of the blood serum, as determined by h.ourly 1 Josu~, O., and PaiUard, H., Influence de l'adr~nalin sur le pouvoir opsonique (Premiere note), Compt. rend. Soc. biol., 1910, lxviii, 657. Hektoen, L., and Curtis, A. R., The effect on .antibody production of the removal of various organs, Y. Infect. Dis., 1915, xvii, 409. 725 observations after the operation and until death." Gay and Rusk 3 in presenting studies on antibody formation, in which the literature is reviewed, make no mention of the adrenals as possible sources of immune substances, and all the positive evidence reported in regard to the origin of immune bodies points to other organs, notably the lymph glands, bone marrow, and spleen, as the tissues probably concerned. A solitary communication by CattorettP states that the addition of pancreas extract to the blood of adrenalectomized rats gave a marked lowering of the surface tension (miostagmin reaction) compared with the normal lowering produced by the extract.
There is no confirmed evidence that the adrenal glands play an active part in antibody formation, or in the known immunity reactions of defense against bacterial invasion. On the other hand, the few experiments which have been made to study such a relation have given negative results.
As a part of a more general investigation of the possible relation of glands of internal secretion to immunity processes we have made experiments on the effect of partial adrenalectomy upon antibody formation in guinea pigs. For this purpose the animals were subjected to operation before or after immunization with a typhoid vaccine or with washed red blood corpuscles of the hen, and their typhoid agglutinins or hemolysins and hemagglutinins titered at intervals during the course of antibody production.
Healthy adult guinea pigs, usually males, weighing from 300 to 400 gm., served as the experimental animal. For the purposes of the experiments it was necessary that the animals should survive during the interval required for subsequent active immunization or for the change in antibodies already in circulation, in the event that adrenalectomy modified the response. Consequently, complete removal of the glands was interdicted, since guinea pigs are practically without accessory adrenal tissue and almost invariably die within a few hours of a total extirpation. ~ Operations for the partial removal of the adrenals were performed 3 Gay, F. P., and Rusk, G. Y., Studies on the locus of antibody formation, Tr. XVth Internat. Cong. Hyg. and Demog., Washington (1912), 1913, ii, 328. 4 Cattoretti, F., Ueber die Meiostagminreaktion bei den weissen Ratten nach Extirpation der beiden Nebennieren, Wien. klin. Woch., 1911, xxiv, 637. 5 Lucien, M., and Parisot, J.-V.-J., Glandes surr~nales et organes chromaffines, Paris. 1913, 108. with careful aseptic technique, and the endeavor to reduce shock to the minimum by prompt hemostasis, the use of a warm pad during and after operation, machine-controlled anesthesia with constant ether concentration, and saline injections when indicated. We deemed it essential carefully to avoid complications due to infection or to injury to other organs in the course of the operation.
Operation.--Oblique incisions on both sides, separating the last two ribs, and extending to the edge of the sacrospinal muscles gave a clear exposure of the glands with the least disturbance of the abdominal contents. The adrenals were dissected free to the hilum, caught in a delicate curved mosquito clamp at the base or through their substance, and cut free distal to the clamp. Only slight bleeding resulted if the clamp was left in place a short time. The glands or portions of glands removed were weighed to estimate the amount taken and sectioned for comparison post mortem with the segment left in place.
It was soon found that the guinea pig could stand the loss of the whole of one gland and from one-half to three-fourths of the other. If too much tissue was taken the animal died in from a few hours to several days, after showing characteristic symptoms. A marked fall in temperature (to 28°C. in one instance), extreme prostration, gasping respiration, intermittent clonic convulsions, and, in males, the extrusion of semen immediately preceded death. These findings are in accord with former reports.
On the other hand, surviving guinea pigs recovered quickly from the operation and remained well for months, sometimes losing at first 50 to 100 gin. in weight, which was often recovered later. Some of the animals died during the course of the experiments, however, from hemopericardium after cardiac puncture or from an intercurrent lung epizoofic prevalent among the stock.
Technique of the Serum Reactions.--The strain of B. typhosus chosen was a stock culture known as "Sen," recovered by Dr. Bull from an ampule of Besredka's sensitized vaccine. It had been on artificial media for several years and combined ready agglutinability with a high toxicity for guinea pigs, often killing them in the usual immunizing doses. For this reason and to obtain exact dosage, a vaccine was prepared by suspending 24 hour growths from Blake bottles in saline solution, killing the bacilli with chloroform, disrupting them by repeated freezing and thawing, dehydrating in vacuo over sulfuric acid, and powdering in a mortar. Weighed quantities were resuspended in normal saline solution, extracted by shaking for several hours, and measured doses corresponding to 0.5 to 2 mg. of the powder were injected intraperitoneally at 3 to 4 day intervals for three doses. Initial agglutinin titers ranged from 1 : 640 to 1 : 5,120 on the 7th to 10th day after the final injection. Ten of twenty-four guinea pigs gave an initial titer of 1: 1,280. In order to simplify the experiments only the typhoid agglutinins were followed. Casual tests showed that this method of immunization, while simple and rapid, did not produce precipitins or complement-fixing bodies in concentrations suitable for investigation.
Other guinea pigs were immunized with red blood corpuscles of barred Plymouth Rock chickens. Following Coca's 6 schedule three intraperitoneal doses of 0.5 to 1.5 cc. of washed corpuscles, made up to the original blood volume, were injected at 4 day intervals and the guinea pigs were first bled a week later. The first hemagglutinin titers ranged from 1 : 160 to 1 : 1,280, hemolysins appearing in dilutions five times as great, taking into account the dilutions involved in the hemolytic system. For the agglutination tests one drop of a suspension of B.
typhosus, Sen, or of washed hen corpuscles (10 per cent of the original blood volume), was added to a 1 cc. volume of successive dilutions of the fresh, inactivated guinea pig serum. The tubes were read first after 2 hours at 37°C. and 2 hours' at room temperature. A confirmatory reading was taken after the tubes had stood in the ice box over night. To test hemolysins, 0.25 cc. volumes of inactivated experimental serum, fresh guinea pig complement t: 10, and 5 per cent hen corpuscle suspension were made up with 0.5 cc. of saline solution, following the usual technique of the Wassermann reaction. These tubes were incubated 1½ hours, being shaken at the half hour and hour, and read immediately, and after standing in the ice box over night. All the tests were performed with the usua] controls.
W i t h these m e t h o d s several series of experiments were performed. Usually three guinea pigs formed the experimental unit. I n some instances two were partially adrenalectomized, the other serving as a n o r m a l control. I n other cases two animals served as controls, one normal, the other after an operation similar to double a d r e n a l e c t o m y except for the removal of the glands. T h e control operated animals showed t h a t the operation itself had no influence on a n t i b o d y formation.
Series I.
I n some of the experiments in this series the guinea pigs were first immunized with Bacillus typhosus vaccine a n d their agglutinin titers recorded on the 7th d a y after the third injection. W i t h i n a few d a y s 6 Coca, A. F., A rapid and efficient method of producing hemolytic amboceptor against sheep corpuscles, J. Infect. Dis., 1915, xvii, 361. (8 to 11 days after immunization) the adrenalectomies or control operations were performed and the agglutinin titers followed in 2 cc. samples of blood obtained by cardiac puncture at intervals during the succeeding weeks and months. In other experiments the operations preceded immunization, which was begun from 1 to 52 days later. In a few instances one gland or a part of a gland was removed, the guinea pig immunized, and the second gland or part of it taken at a later date. These two sets of experiments, in which the effect of partial adrenalectomy was studied in animals previously or subsequently immunized to Bacillus typhosus, form a group in which all the control animals may serve as a basis for comparison with those on which the extirpation of adrenal tissue was performed. The agglutinin curves of the control animals showed considerable variations due to individual reaction, so that a plot of all the normal curves gives a confusion of lines within rather wide limits on the chart. Obviously comparison of the antibody curve of an adrenalectomized animal with its cwn control alone might indicate differences in reaction not due essentially to the loss of adrenal tissue. Therefore it seems best simply to outline an area which covers all the variations in reaction found in normal guinea pigs. Against this normal area the separate curves of agglutinin formation in the experimental animals m a y be charted. Following this method Text- fig. 1 shows the curves of seven guinea pigs which were adrenalectomized subsequent to immunization. I t will be seen t h a t the titers of all b u t three of them fall practically within the limits of normal variation. The findings in the exceptional cases require special comment.
Immediately after operation the agglutinin titers of the sera of these animals appeared to drop sharply almost to zero, with as sharp a rise later in the two guinea pigs which survived. No similar drop was apparent in the titer of the control. These readings were made on the fresh ina~ctivated sera the same day they were taken. When observations on other animals failed to confirm this finding, these sera, which had been kept in the dark at ice box temperature for about a month, were reexamined, and now gave titers more nearly corresponding to those of the later experiments. The differences in titer are shown in Table I , with the record of subsequent analyses in which sera were studied while fresh, and again after standing several days. In a number of instances it will be seen that they agglutinated the Sen strain in higher dilutions on reexamination. Since this observation was made on normal as well as adrenalectomized guinea pigs the difference must be sought in some other factor, which would account for the apparent inhibition in fresh sera. Moreover, this initial inhibition does not appear with regularity. For uniformity it is necessary to use the agglutination titers from the fresh sera in drawing conclusions from the experiments, but it is apparent that disturbing factors are latent in the results.
With the exceptions noted above, these experiments indicate t h a t adrenalectomy subsequent to immunization has no significant effect uPon the curve of typhoid agglutinin formation in guinea pigs. Similar results were found in the experiments charted in Text- fig. 2 , in which, against the normal background are seen t h e agglutination curves of seven guinea pigs which were immunized subsequent to adrenalectomy. Their reactions to immunization'fall substantially within normal limits.
Partial adrenalectomy, with removal of a single gland, or of one g and and as much of the other as can be taken with ~mpunity, appears to have no influence upon the formation of typhoid agglutinins in guinea pigs.
Series H.
Cole 7 has described a late effect of immunization which persists after demonstrable immune bodies have disappeared from the blood. Reinjection of previously immunized animals with a minute dose of the original antigen, an amount which has no effect upon normal animals, causes a sharp rise in the antibody curve. This effect is interpreted as due to a latent tissue sensitization. To test the presence of this phenomenon in adrenalectomized animals, two of the survivors from the experiments already described, with their controls, and with two normal guinea pigs, were injected intraperitoneally with 0.05 mg. of the typhoid vaccine used for the original immunization. At this time the animals from the earlier experiments showed typhoid agglutinins in dilutions of 1:80 to 1:160 of their sera. The normal controls showed no antibodies. 7 days later the titers of the previously immunized guinea pigs had risen to 1:320 to 1:640, while the single dose of 0.05 mg/ of vaccine had resulted in agglutinin formation to the extent of 1:20 in one control. These findings, and the results of a subsequent titration are found in Table  II . The tissue sensitization occurred normally in the partially adrenalectomized guinea pigs and their previously immunized controls.
Series III.
With the technique already described a smaller number of experiments was made on guinea pigs immunized against hen corpuscles. Hemagglutinins and hemolysins were studied in animals adrenalectomized before or after immunization in experiments similar to those in Series I. Although the initial antibody titers corresponded roughly to those obtained with typhoid vaccine, the hemagglutinins and hemolysins disappeared from the circulating blood much more rapidly, so that the antibody content was reduced almost to nothing in the course of 2 months. The results of titrations at intervals are shown in Text-figs. 3 and 4, in which, against a background of normal variations are plotted the curves of the adrenalectomized animals. Two of these, namely Guinea Pigs 12 and 13, were adrenalectomized before immunization, losing one-half the right gland 43 days, and the left gland 7 days before the first injection of corpuscles. The other adrenalectomized animals, namely Guinea Pigs 32, 50, and 51, were first immunized and then operated upon 7 to 10 days after the final injection. The high initial agglutinin titers of Guinea Pigs 50 and 51 are due to four, instead of the usual three injections. Of the three animals in this experiment, those with the highest titers were chosen for operation. The control animal, Guinea Pig 52, had an ~nitial hemagglutinin titer of 1:640. The slopes of the curves for Guinea Pigs 50 and 51 are seen to parallel the normal curve, although the titers for Guinea Pigs 50 and 51 do not fall within the normal limits. The charted results show that adrenalectomy has no essential influence upon the production or gradual diminution of hemolysins and hemagglutinins in guinea pigs.
Tr.xT-FxG. 3. Hemolysin titers of adrenalectomized animals. Guinea Pigs 12 and 13 were adrenalectomized before immunization and Guinea Pigs 32, 50, and 51 after immunization. . Hemagglutinin titers of adrenalectomized animals. Guinea Pigs 12 and 13 were adrenalectomized before immunization and Guinea Pigs 32, 50, and 51 after immunization.
Series IV.
As with the survivors from the experiments with typhoid agglutinins, the guinea pigs immunized against hen corpuscles were given a second small injection of the foreign blood cells after antibodies had almost disappeared from their sera. With two normal controls, and olo four control guinea pigs previously immunized, six partially adrenalectomized animals were injected intraperitoneally with 0.05 cc. of washed hen corpuscles. One of the adrenalectomized guinea pigs had been operated upon before the previous immunization. The other four had lost adrenal tissue at varying intervals after immunization. Although the minute dose of antigen given did not stimu-late antibody production to the original level, the adrenalectomized and all but one of the control animals which had been previously immunized responded with hemagglutinin titers of 1:20 to 1: 80, and hemolysin titers of 1:160 to 1:320 on the 7th day, whereas'the normal control animals, for which this was the first injection, failed to show demonstrable increase of antibodies. Control Guinea Pig 62 with an initial hemagglutinin titer of 1:80 before injection gave subsequent titers of 1 : 40 and 1 : 10, showing no effect from the injection. 5 weeks later the hemolysins of most of the animals had fallen below 1:80, and the hemagglutinins below 1:40. These results are given in Table III .
In addition to the experiments described above on guinea pigs, three rabbits were partially adrenalectomized and tested for in vivo agglutinins, as described by Bull3 Typhoid bacilli injected on the 4th or the 24th day after adrenalectom)~ were clumped and removed from the blood stream with the same rapidity and completeness as in normal animals. The blood of these rabbits was then tested for natural typhoid agglutinins by the usual method in vitro. The titers ranged from 1:16 to 1: 128, showing that neither adrenalectomy nor the in vivo agglutination had removed these antibodies from the blood.
SUMMARY.
By careful aseptic operation it was found possible to remove approximately three-quarters to seven-eighths of the adrenal tissue of guinea pigs without causing symptoms of adrenal insufficiency. Guinea pigs were immunized to Bacillus typhosus or to hen corpuscles at varying intervals before or after the operation, and the curves of antibody formation traced for 2 to 3 months after immunization. Comparisons with the antibody curves of control animals similarly immunized fail to show that the adrenalectomy had any influence upon the rise or persistence of antibodies in the blood.
For the purposes of the study it was not deemed necessary to produce an acute adrenal insufficiency. If the adrenal glands were the site of antibody formation or played an essential part in immunity processes, it does not seem probable that the small remainder of adrenal tissue left in situ to sustain life would affect quantitatively the antibody response to a given antigen injection as do the entire normal glands. We therefore interpret the experiments to indicate that not only are the adrenal glands not one of the important sources of typhoid agglutinins, or of hemagglutinins or hemolysins, but they play no essential part in the mechanism by which these antibodies are produced and maintained in the body.
